Electron-phonon coupling is one of the most fundamental effects in condensed matter physics. We here demonstrate that photoelectron momentum mapping can reveal and visualize the coupling between specific vibrational modes and electronic excitations. When imaging molecular orbitals with high energy resolution, the intensity patterns of photoelectrons of the vibronic sidebands of molecular states show characteristic changes due to the distortion of the molecular frame in the vibronically excited state. By comparison to simulations, an assignment of specific vibronic modes is possible, thus providing unique information on the coupling between electronic and vibronic excitation. DOI: 10.1103/PhysRevLett.116.147601 The coupling of charge to vibronic excitation plays a crucial role for various physical phenomena from superconductivity [1-3] to the nonradiative decay pathways involved in photosynthesis [4] . In molecular materials, charge-vibration coupling influences the optical and electronic properties [5] and is a decisive quantity for the hopping transport [6] [7] [8] . In the case of hopping, the predominant transport mechanism for molecular solids relevant for device application [9] , the charge mobility is immediately connected to the reorganization energy. The latter quantity is a measure of the energy cost for the deformation of the molecular frame upon adding or subtracting an electron. It has been demonstrated that photoelectron spectroscopy (PES) can be applied to quantify this reorganization energy from the analysis of the electron-vibration coupling from first principles [7, 10] .
The coupling of charge to vibronic excitation plays a crucial role for various physical phenomena from superconductivity [1] [2] [3] to the nonradiative decay pathways involved in photosynthesis [4] . In molecular materials, charge-vibration coupling influences the optical and electronic properties [5] and is a decisive quantity for the hopping transport [6] [7] [8] . In the case of hopping, the predominant transport mechanism for molecular solids relevant for device application [9] , the charge mobility is immediately connected to the reorganization energy. The latter quantity is a measure of the energy cost for the deformation of the molecular frame upon adding or subtracting an electron. It has been demonstrated that photoelectron spectroscopy (PES) can be applied to quantify this reorganization energy from the analysis of the electron-vibration coupling from first principles [7, 10] .
The coupling of electronic to vibronic excitations has been studied for a long time by several methods such as PES [7, 10, 11] , optical spectroscopy [12] , x-ray absorption [13, 14] , and electron energy loss spectroscopy [15] . Nevertheless, an assignment of the specific vibrational modes that couple to the electronic excitation is complicated, since the experiment provides only information on the mode energy and restrictions on possible symmetries by selection rules.
Here we show that the angle-dependent intensity distribution in a PES experiment can provide a fingerprint of the coupled vibration. In the case of the paradigmatic molecule coronene [C 24 H 12 ; see Fig. 3 (c) for the molecular structure] investigated in this work, our analysis provides evidence that the mode which couples to an ionization of the highest occupied molecular orbital (HOMO) is an A g inplane mode with a vibronic excitation energy of 196 meV.
For our experiments the coronene molecules were prepared in a commensurate monolayer (ML) with 4 × 4 superstructure on an Au(111) substrate [16] . The interfacial bonding in this particular case is comparatively weak, thus leading only to a relatively small broadening of the molecular states due to hybridization with the metal. The momentum-resolved PES data were recorded at a sample temperature of 15 K and with He-I excitation (21.22 eV) utilizing a state-of-the-art photoelectron momentum microscope which collects all photoelectrons emitted into the complete half-sphere above the sample. This provides a three-dimensional data set of the photoemission spectral function Iðk x ; k y ; E B Þ, depending on the in-plane momentum coordinates (k x , k y ) and the binding energy (E B ) with a momentum resolution of 0.005 Å −1 and energy resolution of 20 meV [17] (see Supplemental Material [18] for experimental details). Figure 1 (a) presents the energy distribution curve (EDC) derived from a data set recorded between the Fermi energy and the low-energy onset of the Au 5d band. The data were integrated over a circular area with diameter 0.5
The resulting spectrum shows a prominent peak at 1.5 eV, which can be assigned to the coronene HOMO. In addition, two shoulders appear on the high binding energy side, which resemble the equidistant vibronic overtones observed for several similar molecules in the gas and condensed phase [7, 10] . For a detailed analysis of the fine structure of the coronene HOMO signal, shorter energy scans between 1.23 and 2.03 eV were performed to reduce the measurement time and radiation damage, which manifests itself in a broadening and slight energy shift of the molecular signals and the occurrence of additional low-energy features. With the applied settings, damage was visible after about 15 min of irradiation, while all data presented in the following were recorded in less than 10 min. Figure 1 (b) shows a spectrum derived from such a short scan after the same integration in momentum space as described above. To demonstrate the vibronic origin of the peaks on the high binding energy side, a least-squares fit was performed with three equidistant Voigt functions of equal width plus an additional linear background. The fit reproduces the experimental data well with Gaussian and Lorentzian widths of (79 AE 25) and ð106 AE 25Þ meV, respectively, and an energy spacing of ð206 AE 10Þ meV, representing the energy of the coupled vibration.
Figures 2(a)-2(c) show the photoelectron momentum maps recorded at a binding energy of 1.55, 1.75, and 1.95 eV, respectively, corresponding to the three individual vibronic peaks, which we will in the following refer to as (0-0), (0-1), and (0-2), respectively. (n-m) indicates a transition from the vibronic state n in the electronic ground state to the vibronic state m in the electronic excited state. No background subtraction was applied, and the color scale was adapted to enhance the color contrast of the individual patterns.
It has been demonstrated that the angle-dependent intensity distribution of photoelectrons is immediately connected to the electron density in real space [19, 20] . In the case of planar organic molecules, a plane-wave finalstate approximation of the photoemission final state allows furthermore a direct comparison of experimental momentum maps with calculated real-space orbitals by a Fourier transform [19, 21] . In this sense, the intensity pattern recorded for the (0-0) peak in Fig. 2 (a) resembles the previous experimental data for the HOMO of coronene on Ag(111) and the corresponding theoretical simulation for the coronene HOMO [22] . However, while the main features in the momentum map of the (0-0) peak appear oval or slightly goggle shaped, these features develop an increasing triangular appearance in case of the (0-1) and (0-2) peaks.
Since the peaks of (0-1) and particularly (0-2) have relatively low intensities, adapting the intensity scale in Figs. 2(b) and 2(c) results in an increasing contribution of emission from the substrate. To verify that the substrate signal does not interfere with the molecular features in the momentum maps, we have simulated the intensity patterns 
For this purpose, a momentum map recorded at the same energy as the (0-2) peak for a clean Au(111) sample (see Fig. S1 in Supplemental Material [18] ) was shifted by 1=4, 2=4, and 3=4 of theΓ −Γ distance towards each of the six adjacent surface-Brillouin zones and then averaged. The resulting intensity pattern is given in Fig. 2(d) and allows identifying the substrate signals in the momentum maps recorded for the (0-1) and (0-2) peaks of coronene=Auð111Þ. The backfolded sp bands contribute relatively sharp patterns such as the two hexagrams, which are most clearly visible in the (0-2) momentum map [ Fig. 2(c)] . Also, the slight increase in intensity around
The comparison of the momentum patterns recorded for the low-intensity vibronic sidebands to the simulated background thus allows identification of several contributions from Au sp bands. Although some of these signals coincide with the intensity pattern from the coronene HOMO, the overall change of the coronene features towards a triangular shape cannot be explained by a contribution from the substrate.
The changes in Figs. 2(a)-2(c) thus obviously have to be sought in a change of the coronene electronic wave function in momentum-and thus also in real space-upon vibronic excitation. A deviation of the intensity patterns recorded for vibronically excited molecular states was already observed for pentacene [23] as well as for several phthalocyanines (X-Pc, X ¼ OTi, OV, ClAl, Pb, Cu, H 2 ) [24] and assigned to a breakdown of the sudden approximation in the photoionization process. In contrast to an instantaneous (vertical) transition, the photoemission process has to be rather described on a finite time scale, which is defined by the photohole lifetime. Photoemission thus bears information on a displacement of the nuclei on this very time scale.
Theoretical considerations can help to extract this information. Since the energy of the relevant vibrations is much larger than k B T, the molecule is initially in its ground state [which is identical for the (0-0), (0-1), and (0-2) transitions]. Within the Born-Oppenheimer approximation, the electronic state of a system defines an energy surface, which acts as the potential for the motion of the nuclei. The change of the electronic potential that is caused by emission of an electron can trigger the vibronic excitation of the ionized system. While the common interpretation of angle-resolved PES based on ground-state single-particle orbitals can describe vertical processes well [19, 25] , it cannot capture structural changes of the molecular geometry caused by removing an electron. The latter, however, become accessible through the use of Dyson orbitals, defined by the projection of the (N − 1) electron ionized state Ψ þ ðN − 1Þ onto the molecular ground state Ψ 0 ðNÞ [20, 26] :
Viewing the PES process in terms of this overlap is ideally suited to our purpose, as the altering of the final molecular state's electronic structure due to the nucleis' vibrational displacement can easily be included explicitly. To identify possible vibrational modes, we perform a vibrational frequency analysis of positively charged isolated coronene using the density-functional theory with the Perdew-BurkeErnzerhof exchange-correlation functional [27] . Nine modes are found in the energy range of interest between 185 and 250 meV (see Table I in Supplemental Material [18] ). Since the vibronic excitations when time-averaged correspond to a displacement of the nuclei along normal coordinates, we calculated the electronic final state Ψ þ ðN − 1Þ for displacement amplitudes ranging from zero up to a reasonable mean displacement of 0.15 Å [28] . In combination with the ground-state wave function of the neutral molecule, we evaluate the Dyson orbital according to Eq. (1) following the relaxed Slater determinant approach [20] . Approximating the photoelectron's state by a plane wave, which is justified for this class of materials [19, 25] , the photoelectron momentum maps can be simulated by a Fourier transform of the real-space Dyson orbitals into momentum space [20] . For the equilibrium position of the nuclei, i.e., the (0-0) transition, the corresponding momentum map is presented in Fig. 3(a) and resembles the single-particle molecular orbital case published earlier [22] .
The overall agreement of Fig. 3(a) with its experimental counterpart in Fig. 2(a) is reasonable. However, the calculation does not reproduce the indicated goggle shape of the six main intensity maxima. Generally speaking, one possible explanation for this deviation could be a slight azimuthal tilt of the high-symmetry direction of coronene against the [101] direction of the substrate surface. Taking into account different domains, this would lead to an azimuthal doubling of the intensity patterns in the experiment. However, based on such a multiplication of the calculated momentum map in Fig. 3(a) , a simulation of the goggle features in Fig. 2(a) is not possible, thus rendering this explanation unlikely. An alternative explanation can be provided by the effect of lateral band dispersion. To reveal this, we have fitted the vibronic progression in the EDCs for all k ∥ in analogy to Fig. 1(b) . The energy of the (0-0) peak derived from this fit shows a lateral dispersion of about 20 meV, which is a reasonable value compared to similar systems [29, 30] . Moreover, when plotted against k ∥ , the energy position of the (0-0) peak mimics the goggle shaped features in Fig. 2(a) (see Fig. S2 in Supplemental Material [18] ). Since the experimental momentum maps were recorded at constant energy, energy dispersion of the (0-0) peak will directly translate to intensity variations, thus most likely accounting for the observed difference between the calculated and experimental momentum maps of the (0-0) peak.
For an increasing displacement of the nuclei, we find a change in the shape of the coronene features, depending on the displacement directions according to the individual vibrational modes. The momentum maps calculated for the nine vibrational modes between 180 and 250 meV at a mean displacement of 0.15 Å are depicted in Fig. S3 in Supplemental Material [18] . Interestingly, the modes show remarkable differences in the momentum maps. Only two modes show a change into a triangular pattern, which resembles the experimental finding for the vibronic sidebands in Figs. 2(a)-2(c) .
Consequently, the changes in the photoemission data can be explained by changes of the molecular orbital density of the HOMO due to a deformation of the coronene molecule in a vibronically excited state. The gradual change from (0-0) over (0-1) to (0-2) is moreover plausible, since (0-1) to (0-2) represent transitions into different overtones of the same vibration, which have different mean displacement amplitudes. The simulation of the respective orbital density allows identifying the corresponding vibronic modes, a B 2u mode at 195 meV and an A g mode at 196 meV, which fit quite well to the experimentally determined energy of ð206 AE 10Þ meV. Moreover, the momentum patterns of the other modes in Fig. S3 obviously do not contribute significantly to the experimental data in Fig. 2 , thus ruling out a coupling of these modes. This agrees with earlier studies that also found a preferential coupling of selected modes for pentacene and perfluoropentacene [31] .
Based on our experimental data alone, we cannot derive further restrictions on the coupled vibronic modes. However, our calculations show that upon photoionization the coronene molecular frame relaxes as illustrated by Fig. 3(c) , reducing the point group symmetry from D 6h to D 2h . The displacement of the nuclei is indicated by red arrows and shows A g symmetry, thus resembling the A g mode at 196 meV, which is depicted in Fig. 3(d) together with the corresponding momentum pattern in Fig. 3(b) .
In summary, we demonstrated that the angle-dependent intensity patterns of photoelectrons of molecular states show characteristic changes due to the vibronic distortion of the molecule. By a comparison to the simulated patterns, an assignment of the specific vibronic modes that preferentially couple to the electronic excitation is possible. In the example of the coronene HOMO, the experimental data agree with two in-plane modes with an energy of 195 and 196 meV, respectively. The latter mode is A g symmetric and should be favored according to symmetry arguments. Our approach of orbital imaging by photoelectron momentum mapping with high energy resolution thus provides unique information and constitutes a novel route for the analysis of the coupling between electronic and vibronic excitation and allows unprecedented insight into the properties of molecular materials. 
